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Background: The appendages of insects, like the limbs
of vertebrates, grow out of the body wall after the estab-
lishment of a proximo-distal axis among a group of
primordial cells. In Drosophila, the wing develops in the
limbless larva from one of the imaginal discs of the thorax,
which give rise to the adult epidermis. The earliest identi-
fied requirement in wing development is for the induc-
tion of vestigial (vg) gene expression at the interface
between ventral cells and dorsal cells of the wing disc. It
has been proposed that this event requires two reciprocal
signals - one from the dorsal to the ventral cells and the
other from the ventral to the dorsal cells - which trigger
vg expression at the presumptive wing margin and hence
initiate the development of the wing tissue.
Results: We have identified four genes - Serrate (Ser),
wingless (wg), Notch and Suppressor of Hairless (Su(H)) -
whose activity is required during the second and early
third larval instars for the expression of vg. Analysis of
the functions and patterns of expression of these genes at
the time of the inductive event indicates that the Ser
protein acts as a dorsal signal, and the Wg protein as a
ventral signal for the induction of vg expression.
Furthermore, the expression of both Ser and Wg is
sufficient to trigger ectopic wing development in the
wing disc and leg discs. The product of the Notch gene,
which encodes a receptor, is also required for this event
and we suggest that its role is to integrate the inputs of
Ser and Wg.
Conclusions: We show that the induction of vg, which
initiates wing development in Drosophila, requires the
combined activities of Ser, wg and Notch. Based on the
patterns of expression and requirements for Ser and wg in
this process, we propose that Ser is a dorsal signal and that
Wg is a ventral signal, and that their combination at the
dorso-ventral interface activates the Notch receptor and
leads to vg expression.
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Background
The development of appendages in animals is initiated by
the establishment of a primordium field in the body wall
of the embryo. This primordium is endowed with the
antero-posterior (AP) and dorso-ventral (DV) positional
information of the embryo, and the future appendage
may therefore inherit some of these coordinates [1].
However, the developing appendage must also acquire a
new proximo-distal (PD) axis in order to grow out of
the body wall. When these axes have been positioned,
interactions between cell populations in the primordium
drive the growth and coordinate the patterning of the
appendage [2].
In Drosophila, the adult epidermis develops from groups
of cells, the imaginal discs, which are set aside from the
larval cells during embryogenesis and which proliferate
and are patterned during larval life (Fig. 1) [3,4]. The
wing imaginal disc gives rise to the dorsal epidermis of
the second thoracic segment, which is composed of a
body wall and a flight appendage - the wing (Figs 1,3a)
[3]. Although the adult body wall may be seen as a simple
replacement of preexisting larval epidermis, the develop-
ment of the wing requires growth and patterning along
the new PD axis. There is clear evidence that the initia-
tion of wing development depends on the interaction
between two cell populations of the wing disc: a dorsal
population, defined by the expression of the gene apterous
(ap), and a ventral population, characterized by the
absence of ap expression [5,6]. This interaction leads to
the expression of the vestigial (vg) gene in a stripe of cells
that straddles the interface between the dorsal and ventral
cells, in what later becomes the presumptive wing margin
(Figs 1,2b) [6,7]. This stripe is referred to as the DV
interface hereafter. It has been proposed that the expres-
sion in this stripe of the vg gene product, Vg, defines a
PD coordinate which then organizes the growth of wing
tissue along that axis [6]. The PD axis of the Drosophila
wing would then be superimposed upon the preexisting
DV axis, and the wing margin that differentiates at the
DV boundary would signify the distalmost structure of
the wing (Fig. 1).
The stripe of Vg expression contains both dorsal and
ventral cells at the DV interface, and it has been suggested
that its establishment involves two reciprocal inductive sig-
nalling events - one from dorsal cells to ventral cells and
another from ventral to dorsal [6]. Ectopic DV interfaces
can trigger wing outgrowth [5] and Vg expression [6],
which indicates that these signalling events include cell
recognition and communication processes. The ap gene,
which is required for wing development and vg expres-
sion, encodes a nuclear protein that is likely to be a
transcriptional regulator [8]; the dorsal signal is likely,
therefore, to be a protein that is dependent on ap function.
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The Serrate (Ser; [9]) and wingless (wg; reviewed in [10])
genes encode proteins that are required for the develop-
ment of the wing. Here, we show that these proteins are
involved in the activation of vg, and that Ser encodes a
dorsal signal whereas wg encodes a ventral signal. Fur-
thermore, we show that colocalization of the Ser and Wg
proteins is sufficient to elicit wing development in all
thoracic discs of the fly, and that this process requires the
activity of the receptor encoded by the Notch gene.
Results
Ser is expressed in the dorsal cells of the early wing disc
The Ser gene of Drosophila displays a dynamic pattern of
expression during the development of the wing imaginal
disc, and is first expressed in the wing-disc primordium
in the late stages of embryogenesis [9]. During the
second larval instar (from 48-72 hours after egg laying
(AEL); see Fig. 1) the Ser protein is expressed over the
dorsal region of the developing wing disc (Fig. 2a,c). The
distribution of Ser is both pericellular and in dispersed
patches (evidenced by dots of stain; see Fig. 2c); such a
distribution is common to some secreted and trans-
membrane proteins [11,12].
At the end of the second larval instar (72 hours AEL), the
pericellular Ser is coincident with the expression of ap,
whereas the dispersed patches of Ser could be found in
ventral cells that were adjacent to the ap-expressing cells
(Fig. 2d). During the early third instar (72-96 hours
AEL), Ser accumulates at the DV interface (Fig. 2e,g);
later, during late third instar (96-120 hours AEL), Ser
expression evolves towards a more complex pattern that
is not restricted to the dorsal region or to the DV
interface (Fig. 2h; [9]).
Ser encodes a dorsal signal for vg expression and wing
formation
The complete loss of Ser function produces flies with
wings reduced to stumps (Fig. 3a,d; [9]); the partial loss
of Ser function produces 'ripped' wings that lack long
stretches of wing margin and adjacent wing-blade
regions (Fig. 3b; [9]). To determine the time at which Ser
function is required for wing development, we used flies
with an antimorphic temperature-sensitive allele of Ser,
BeadedG (BdG). A ripped-wing phenotype was observed
in flies that had been exposed to the restrictive tempera-
ture between 48-96 hours AEL, showing that Ser is
required for proper wing development at this stage
(Fig. 3b; Table 1).
As Ser could be detected in both dorsal and neighbour-
ing ventral cells during this crucial period of 48-96 hours
AEL, we used a mosaic analysis to determine where Ser
Fig. 1. Development of the wing from the wing imaginal disc(expression data compiled from [4,6,7,11] and this work). Stages
and times in hours after egg laying (AEL) are indicated on the left.
In the embryo, the wing-disc primordium can be seen as a small
cluster of cells within the second thoracic segment (yellow cir-
cle). This cluster invaginates at 12 h AEL and will form the wing
disc, which remains invaginated throughout larval life. During
the second larval instar (48-72 h AEL), the expression of ap(blue) and wg (orange) define adjacent sectors in the dorsal and
ventral sides of the disc, respectively (discs and adult structures
are oriented with dorsal to the right and anterior to the top).
Towards the middle of this stage, a stripe of vg expression (green)
can be observed straddling the interface between the ap and wg
expressing cell populations. At the beginning of the third larval
instar, as the disc starts to grow noticeably, the expression of
these genes fills the posterior regions of the disc and vg is now
expressed across the disc. During the second half of the third lar-
val instar (96-120 h AEL), the presumptive region of the wing
becomes clearly defined as a series of folds around the DV inter-
face. The expression of ap (blue) remains restricted to the dorsal
cell population, but those of vg and wg change. At about mid
third instar, a stripe of wg expression emerges at the wing margin
and vg expression extends to the whole of the developing wing
pouch; nonetheless an enhancer of the vg gene, which is respon-
sible for the initial expression of vg, remains expressed at the DV
interface (green). During metamorphosis (120-240 h AEL), the
adult fly structures are differentiated. The wing evaginates over
the ventral side of the disc such as the ventral wing blade (white)
appears underneath the dorsal blade (blue). The enhancer of vg
fate maps the wing margin (green) to the DV interface.
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function was required for wing development. Clones of indicate that Ser is required for wing formation at the
Ser mutant cells were generated, in an otherwise wild- presumptive wing margin regions - the DV interface -
type wing, at different times of development (see and that the dorsal cells are the source of Ser function.
Materials and methods). Clones of Ser mutant cells on
the dorsal side of the wing had a wild-type phenotype if The dots of Ser protein stain found on the ventral side of
they were within the wing blade. However, when dorsal the DV interface (Fig. 2d) can therefore be interpreted as
Ser mutant clones that originated before 96 hours AEL resulting from traffic from dorsal to ventral cells. We
reached the wing edge, they caused deletions of the investigated the distribution of Ser protein in cells mutant
margin and surrounding dorsal and ventral wing tissue for the shibire (sh[) gene, which suffer from impaired
(Fig. 3c,f; E Diaz-Benjumea and J.E de Celis, endocytosis [13]. In shi mutant discs, the dots of Ser
unpublished observations). In contrast, ventral Ser mutant staining disappeared and the distribution of Ser protein
clones never showed a mutant phenotype, even when was restricted to cells that in the wild-type showed only
they reached the margin (data not shown). These results pericellular staining (Fig. 4). A similar experimental
Fig. 2. Expression patterns of genes
involved in the induction of vg expres-
sion at the DV interface. Discs are ori-
ented with dorsal to the left and anterior
to the top, such that the DV boundary
runs across the disc from top to bottom.
(a) Ser protein expression in a mid sec-
ond instar wing disc (d, dorsal, v, ventral
side of the disc). The labelling appears as
dark brown pericellular staining and
dots, and covers the anterior-dorsal sec-
tor of the disc - the same region that
expresses ap at this time. (b) Early third
instar disc, doubly stained for ap (red)
and vg (green) expression; overlapping
expression is seen in yellow. The stripe
of vg straddles the DV boundary
between ap and non-ap expressing cells,
but also extends beyond to include dor-
sal and ventral cells that are not adjacent
to each other. (c,d) Wing disc at the sec-
ond/third instar molt (72 h AEL). The
white line marks the approximate con-
tour of the disc. (c) Ser protein staining
(green). Pericellular staining is found
across the dorsal region of the disc and
starts to accumulate at the DV interface.
Dots (arrowheads) can be seen more
clearly at the DV interface. (d) Ser
expression (green), superimposed on ap
expression (nuclear staining in red). Ser
labelling can be found dorsally (yellow
color) and ventrally (green) at the DV
interface, and is therefore over the vg-
expressing region at this stage. (e) Mid
third instar disc (shortly before 96 h
AEL), showing the accumulation of Ser
along the DV boundary (arrow) and
reduced levels in the rest of the pre-
sumptive dorsal wing region. (f) Early
third instar disc stained for ap (red) and
wg protein (green) expression; overlap in
yellow. (g) Detail of the DV interface in
the wing presumptive region of a mid-
third instar disc of the same age as (e),
but stained as in (d). The position is
approximately that marked by the arrow
in (e). At this stage, Ser staining (green
dots) becomes restricted to the dorsal
side of the DV interface. The induction
of vg is completed and new patterns of
Ser, wg and vg expression and function
will be initiated (see [6,7,9,11]). (h) Detail of a late third instar disc (approximately 115 h AEL), showing a region that corresponds to that
shown in (g), and stained as in (d). Ser protein distribution remains predominantly dorsal, but some expression can be now detected
ventrally (arrowhead). Ser now appears to be excluded from the cells at the edge of the DV interface; compare with (d,g). New
expression of Ser also arises along the presumptive regions for the longitudinal veins of the wing (arrow).
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Fig. 3. Adult fly phenotypes. (a-c) Dorsal
view of adult cuticles, with anterior to
the top. (a) Thoracic and abdominal cuti-
cle of a wild-type adult fly. The wing is
composed of two layers of cells; the
plane of focus shows the dorsal surface
of the wing and the ventral surface is
underneath. The DV interface therefore
runs along the wing margin, and mar-
ginal bristles help to identify the mar-
ginal fates, which we envisage as the
most distal ones. The thoracic body wall
differentiated by the wing disc is com-
posed of a dorsal bristle-bearing notum
and a naked ventral pleura which is
underneath (out of focus). The striped
cuticle at the bottom left is the abdomen,
which does not contain any appendage
and is a simple substitution of the larval
cuticle. (b) Wing from a BdG/+ tempera-
ture-sensitive mutant exposed to the
restrictive temperature from 48-96 h
AEL. Large parts of the wing margin and
surrounding wing tissue are missing. The
overall shape of the wing is also affected,
as shown by the narrower spacing
between the longitudinal veins. (c)
Detail of the dorsal posterior side of a
wing bearing a clone of mutant SercS94
cells. The mutant cells are marked with
f36a and can be identified by the wiggly
hair they differentiate, as opposed to the
straight wild-type hair. The clone covers
the area to the right of the line and rips
the wing, producing an indentation that
is more severe than seen in (b). Note that
some margin bristles remain on the left. Some bristles are Ser- (arrow), but have been rescued by the proximity of wild-type cells. Thus,
Ser mutant clones show a non-autonomous rescue of several cell diameters at their edges. (d) Thorax of a Ser null mutant fly
(Df(3R)D605 Ser/SeRX106) showing the wings reduced to stumps with no margin, a phenotype similar to that of ap- [5] and vg mutants.
(e) Homozygous vg1 fly. In this strong vg mutant, most of the wing is missing and only some of the most proximal structures remain. (f)
Temperature-sensitive wg mutant fly (wgIL) exposed to the restrictive temperature for 24 h from late second instar (approximately from
60-84 h AEL). The dorso-ventral pattern of the thorax is normal but the wing is severely reduced. (g) Wing from an animal deprived of wg
function from 48-60 h AEL during second instar. The other side of the animal showed the normal phenotype (95 % of cases) of dorso-
ventral alterations with lack of ventral pleura and wing and duplicated dorsal notum (see Materials and methods).
device has been used before and has suggested that other
membrane proteins can be secreted [12,14]; our results
indicate that, in addition to a membrane-bound form,
there might be a short-range, secreted form of Ser. In
agreement with this proposal, some Ser mutant cells in
mosaic wings can be rescued by Ser protein provided by
wild-type neighbours (Fig. 3c; Table 1). This rescue can
take place up to ten cells within the clone, indicating a
certain degree of nonautonomy.
These observations suggest that a short-range secreted
Ser protein is expressed in the dorsal region of the disc
and is required in both ventral and dorsal cells at the DV
interface during 48-96 hours AEL (see Table 1). This is
precisely the time when vg expression is induced along
the DV interface (Fig. 2b) [6,7]. This, together with the
similarity of Ser and vg mutant phenotypes (Fig. 3e) [15],
led us to test whether Ser function was required for the
induction of vg expression. In early and late third instar
Ser mutant discs, the stripe of vg expression was absent in
the prospective wing region of the disc (Fig. 5a,b). The
expression of ap was normal in Ser mutant discs (data
not shown), but Ser expression was lost in ap mutants
(Fig. 5c). We therefore conclude that Ser acts down-
stream of ap in the induction of vg, as would be expected
for a dorsal signalling protein.
wg encodes a ventral signal for wing formation and vg
expression
The overexpression of Ser during 48-96 hours AEL leads
to ectopic wing margins that are associated with extra
wing tissue [9]; this observation is compatible with our
suggestion that Ser is a signal for the induction of vg.
Speicher et a. [9] expressed Ser in dorsal and ventral cells
of the wing disc, but the new wing tissue was restricted
to the ventral surface of these wings. This suggests that,
at the time of vg expression, the ventral region of the
wing expresses a factor that is required together with Ser
to trigger wing development. A candidate to encode
such a factor is the wg gene, which encodes a secreted
protein homologous to the Wnt-1 proto-oncogene prod-
uct (which acts as a signal in various developmental
events [10,16]).
During the second instar, wg is expressed in the anterior
ventral sector of the wing disc, but Wg protein could be
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found in dorsal, ap-expressing cells (Fig. 2f) [4,7]. The
removal of wg function at this time (approximately 48-60
hours AEL) suppresses the development of ventral tho-
racic structures and of the wing (data not shown; [4]),
and prevents proper vg expression [7]. In this situation,
the loss of vg expression and of the wing may be a sec-
ondary consequence of the lack of ventral fates through-
out the disc [4,7], although rare 'escapers' that have
normal DV organization also showed markedly reduced
wings (Fig 3 g). The removal of wg function during late
second and early third instars (approximately 60-84
hours AEL), when wg expression normally spreads over
the whole presumptive ventral wing region (Fig. 2f) [7],
disrupted the development of the wing without affecting
the development of the ventral body wall (Fig. 3f).
These phenotypes, which are reminiscent of those pro-
duced by strong mutant alleles of vg (Fig. 3e) [15], were
associated with the loss of vg expression in the developing
discs (Fig. 5d) and suggest that there is a requirement for
Wg in the deployment of vg which can be separated from
its role in implementing ventral structures.
During the mid third instar stage, a stripe of wg
expression appears at the wing margin [4,7]. This stripe is
present by about 90 hours AEL. The removal of wg func-
tion at this time results in a wing of almost normal size in
which the only defect is a lack of pattern at the wing
margin [11]. The patterning of the wing margin is there-
fore a distinct function of wg that can be separated from
its role in the activation of vg.
Fig. 4. (a) Detail of the centre of the presumptive wing in a wild-
type late-third instar disc shortly before pupation (120 h AEL),
stained with anti-Ser antibody. Note the band of pericellular
staining (to the right of the bar), which presumably demarkates
Ser-expressing cells, and the dots of staining (arrows) that can be
seen 2-3 cell diameters away from it. (b) Detail of the homolo-
gous region of a shits wing disc shifted at the restrictive tempera-
ture and stained as in (a). The band of pericellular staining is
present, but there are no dots of staining.
Ser and Wg cooperate and suffice to trigger wing
development in thoracic imaginal discs
The similarity of the wing phenotypes of Ser, wg and
vg mutants, and their correlation with the absence of vg
expression, suggests that Ser and wg contribute to a
signalling event that induces the stripe of vg expression
during the second and early third instars. This is also
consistent with the observation that the stripe of vg
expression emerges at the intersection of the Ser and Wg
domains (Fig. 2b,d,f). As the absence of either Ser or Wg
leads to the total absence of Vg in both dorsal and ventral
cells of the DV interface, we reasoned that vg is induced
by a signalling event that requires both Wg and Ser, and
that only cells that receive both proteins signals can
induce vg expression (Fig. 6a).
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Fig. 5. Patterns of gene expression in
mutant discs, oriented as in Fig. 2. (a,b)
Ser null mutant discs (Df(3R)D605/
SeRXl06) stained with anti-Vg antibody.
(a) Early third instar disc showing the
total absence of vg epidermal staining.
(b) Late third instar disc. The expression
of vg has arisen during mid third instar
in the lateral regions of the disc that
express it in the wild-type (arrows; see
also Fig. 6c), where it remains at this
stage. It also remains in the muscle pre-
cursors (arrowhead), which show wild-
type vg expression (J.P.C., unpublished
observations), as do the precursors of
the ventral radius sensilla (empty arrow-
head). However, Vg is totally absent
from the regions that in the wild-type
would give raise to the wing (space in
between the arrows; compare with Fig.
5c), which are dramatically reduced in
size. (c) Mid-third instar ap null mutant
disc (apUG03s) stained with anti-Ser
antibody. At this stage, low levels of Ser
are present in the lateral regions of the disc (arrows) but remain otherwise absent. (d) Early third instar wgIL homozygous disc deprived
of wg function from late second instar and stained with anti-Vg antibody. Vg is completely absent from the epidermal cells of the disc.
Muscle precursor cells underneath the disc remain expressing Vg as in Ser mutants.
To test this hypothesis, we studied the effects of
generating a new overlap of wg and Ser expression on the
induction of vg expression. Ser was expressed in the pat-
tern of expression of patched (using ptcGAL4) [9,17], such
that an ectopic stripe of Ser was produced across the dor-
sal and ventral compartments throughout imaginal devel-
opment (Fig. 6b,f). In addition to the normal overlap of
Wg and Ser, a new overlap was generated in the ventral
region of the disc, perpendicular to the wild-type DV
interface (Fig. 6b). The resulting flies had ectopic wing
margin in the ventral blade of the wing, with associated
extra growth (Fig. 6g). In these discs, we observed an
ectopic stripe of vg at the new overlap between Ser and
wg on the ventral side of the disc (Fig. 6d). In the dorsal
side of the discs, where no overlap of Ser and wg was cre-
ated, there was no ectopic expression of vg (Figs. 6c,d,f).
In these experiments, the overgrowth of the ventral wing
and the formation of ectopic wing margin (see also [9]) is
likely to be a consequence of the expression of vg,
because the ectopic expression of vg preceeded the
abnormal outgrowth of the disc (Fig. 6c,d,f) and the
ectopic expression of presumptive wing margin markers
(E J6nsson and E.K., unpublished observations).
In our experiments, the expression of wg alone under the
control ofptcGAL4 did not lead to ectopic wing develop-
ment on the dorsal side (data not shown; E. Wilder,
unpublished observations). This might be because the
pattern of Ser expression changes during early third
instar, being upregulated on the dorsal side of the DV
interface but downregulated in most of the dorsal region
of the disc (Fig. 2e). To try to maintain high levels of Ser
across the dorsal region during the period of vg induc-
tion, we coexpressed Ser and wg under the control ofptc-
GAL4. These ptcGAL4, UASwg, UASSer flies developed
with a duplicated pair of extra wings arising from the
region that expressed ptcGAL4 on the dorsal side of the
wing (Figs. 7a,b). The coexpression of appropriate levels
of Ser and Wg is therefore sufficient to trigger wing
development, and shows the importance of the functional
cooperation between Wg and Ser - their combination
achieves an effect that, in our experimental conditions, is
not produced by either alone. Although there are several
possible explanations for this observation, we propose
that, in these experiments, two events occur: firstly, the
combined action of Wg and Ser leads to an ectopic
activation of vg; and secondly, the expression of Wg leads
to ectopic ventral cell fates. The combined action of
these two events leads to a more organized wing duplica-
tion than when Ser alone is expressed throughout the
ventral surface.
Unexpectedly, wing tissue also developed from each of
the legs in the ptcGAL4, UASwg, UASSer flies (Fig. 7c,d)
- the adults that emerged had up to eight 'wings' each.
This wing tissue stemmed from the proximal, dorsal pos-
terior region, a position very similar to that from which
the branching wings emerge in the wing disc. Wing and
leg developmental programs may therefore share a
common background that includes the expression of wg
in the ventral region of the discs [4]. As Ser is only
expressed in the leg discs from late third instar (our
unpublished observations), the colocalization of ade-
quate levels of Wg and Ser during second and early third
instars may differentiate between the development of
wings and legs. It has been reported recently that clones
of wg-expressing cells can trigger wing tissue from the
leg [18]. This wing tissue stems preferentially from
the dorsal-most region of the leg disc - precisely the
region from which the wing outgrowths that we
observed arose, and the region where endogenous late
Ser expression is highest.
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Functional interactions between Ser and wg
Genetic interactions between Ser and wg mutations
emphasize the relationships that we have outlined and
suggest a functional link between the two gene products.
Mutations in Ser behave as dominant enhancers of weak
wg- allelic combinations and lead to vg- mutant pheno-
types (data not shown), whereas certain wg alelles that
encode abnormal secreted proteins [19] can act as domi-
nant enhancers of Ser phenotypes. For example, wglL/+;
BdG/+ flies raised at 17 C had wings reduced to a
stump, similar to vg- flies. Furthermore, wgS84 , a temper-
ature-sensitive antimorphic wg allele [19], became a
dominant enhancer of Ser at 17 C, as wgSS4 /+; Sernull/+
flies died as pupae with nicks in the wing margin. The
temperature-sensitive nature of this interaction allowed
its temporal requirement to be determined (see Materials
and methods). Although wgS8 4 /+; SetnulI/+ flies grown at
25 C were wild-type, they showed the nick phenotype
if exposed to 17 C before mid third instar; this time
coincides with the requirement for Ser and wg for vg
expression and wing formation. These genetic inter-
actions suggest that Ser and Wg act together in the same
signalling event during the induction of vg expression at
the DV interface.
Notch is involved in the Ser/wg dependent induction of vg
The removal of Notch (N) gene function during the
period of vg induction led to mutant wings that were
indistinguishable from those of Ser, wg or vg- mutants
(Fig. 8a; Materials and methods); Notch mutations also
display dosage-dependent interactions with Ser [20,21],
wg [19] and vg [22]. Clonal analysis indicates an
autonomous requirement for Notch in wing-margin for-
mation, as Notch mutant clones give rise to nicks similar
to those of Ser mutant clones [23]. On the basis of'
genetic and cell biology studies it has been suggested that
the Notch protein might act as a receptor for both Ser
[20,21,24] and Wg [19]; Notch may therefore play a role
Fig. 6. A model for Ser and wg action on
vg, tested by the ectopic expression of
Ser. (a) Schematic representation of the
patterns of gene expression and function
relevant for vg induction and wing for-
mation at early third instar. The expres-
sion of ap defines the dorsal region of
the disc and the DV boundary (black
line) at its border. ap activates the
expression of Ser (blue), and Ser protein
is also found in neighbouring ventral
cells of the DV interface. The ventral
cells of the disc express wg, but Wg pro-
tein (red) is also found in dorsal cells of
the DV interface. The expression of vg
(green) straddles the DV boundary in the
region where Ser and Wg overlap (com-
pare Fig. 2d-f). In our model (box), the
overlap of Wg and Ser defines the
domain of vg expression (green filling) in
those ap (black circles) and non-ap
(empty circles) expressing cells located
at the DV interface. (b) The ptc gene is
expressed throughout disc development
in a stripe that runs across the disc per-
pendicular to the DV boundary, as
shown in (e). Expressing Ser in such pat-
tern using the GAL4 system generates a
new stripe of Ser protein across the dor-
sal compartment, and a new overlap of
Ser and Wg across the ventral compart-
ment. In this model, this experiment
should produce the ectopic expression
of vg (green) and wing distalization in
the ventral part of the new Ser stripe
only. (c) Wild-type wing disc from a
mid-third instar larvae (shortly after 96 h
AEL) stained with anti-Vg antibody. The
expression of vg is still defining a stripe
of cells straddling the DV interface,
although it has started to widen over the wing presumptive region. (d) Early-mid third instar (approximately 84 h AEL) wing disc from a
ptcGAL4, UASSer animal stained with anti-Vg antibody. In addition to the endogenous stripe of vg, a perpendicular, ectopic stripe of vg
(arrowhead) is seen in the ventral side of the disc, as predicted by the model. (e) Early third instar (shortly after 72 h AEL) wing disc show-
ing the pattern of activity of lacZ expressed under the control of ptc-GAL4 in a stripe that crosses the disc perpendicularly to the DV
interface. This stripe is present throughout disc development. (f) Late third instar wing disc from a sibling of (d) stained similarly. At this
stage, the endogenous stripe of vg along the DV interface has broadened to cover the whole presumptive wing blade, as in the wild-type
shown in (c). The ectopic stripe (arrowhead) has extended similarly and includes the presumptive region of the extra ventral tissue seen
in (g). (g) Wing of a fly sibling of (d-e). The ventral side of the wing is overgrown and carries an ectopic wing margin that follows the ptc
expression pattern (compare with the wild-type wing in Fig. 3a).
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Fig. 7. Adult fly phenotypes resulting
from coexpression of wg and Ser under
the control of ptcGAL4. (a) Dorsal view
of the thorax. In addition to the endoge-
nous wings, there is a pair of ectopic
wings (arrows) which arise from the
proximal dorsal side of the endogenous
wings (compare with Fig. 3a). The
endogenous wing on the right bears an
extra margin due to the ventral ectopic
expression of Ser (see Fig. 5). (b) Lateral
view of the thorax, showing the point of
emergence of the ectopic wing (arrow).
(c) Leg of the first thoracic segment of a
female. The morphology and pattern is
very abnormal and wing tissue appears
with characteristic marginal bristles
(arrowhead) from the proximal dorsal
side (arrow). This phenotype arises in all
legs, including those of the third
thoracic segment. (d) Leg from the first
thoracic segment of a wild-type female.
in the induction of vg expression. The inactivation of the
temperature-sensitive allele Nrsl during the second and
early third larval instars leads to weak, or absent, expres-
sion of vg at the DV interface (S. Carroll, unpublished
observations); this observation indicates that Notch plays a
role in the initiation of wing development.
The product of the Suppressor of Hairless (Su(H)) gene has
been shown to be directly involved in the transduction of
Notch signalling [25,26], and Su(H)- mutants develop
vg-like wings ([27]; F Schweisguth, unpublished obser-
vations). Vg was absent in Su(H)- mutant discs (Fig. 8b),
as in Ser mutant discs. This supports the view that
Notch signalling is required for vg expression.
In order to test whether Notch, Ser and wg collaborate to
regulate vg expression and wing development, we used a
GAL4 line coupled to the expression of hairy (hGAL4);
expression driven by hGAL4 overlapped with that driven
by ptcGAL4 during early third instar (72-96 hours AEL;
Fig. 8e). When wg and Ser were coexpressed under the
control of hGAL4, ectopic wings did not develop (data
not shown) - presumably the level of expression was
insufficient. However, when a Notch gene was coex-
pressed with both Ser and wg, extra wings developed
(Fig. 8c); this result suggests that an excess of Notch
allows a more efficient use of the limiting amounts of Wg
and Ser that are produced by hGAL4 (see also Materials
and methods).
Discussion
It has been suggested that wing development in Drosophila
requires a reciprocal signalling event between dorsal and
ventral cells of the wing imaginal disc [6]. This event
must be initiated during the second larval instar, and
results in the expression and function of Vg protein in a
stripe of cells that straddles the interface between dorsal
and ventral cells [6]. Here, we have provided evidence in
support of this model and show that the product of the
Ser gene provides an essential dorsal component of this
interaction, whereas that of the wg gene provides an
essential ventral component. We further propose that the
stripe of vg expression is defined by the overlap of the Wg
and Ser protein domains (Fig. 6a).
Wg is a well characterized, secreted protein that mediates
various signalling events during Drosophila development.
Ser protein had not been associated previously with a
particular molecular event during wing development; its
sequence includes 14 repeats similar to epidermal growth
factor (EGF). Our results suggests that a short-range
secreted form of Ser cooperates with Wg to induce the
expression of vg at the DV interface and hence to trigger
wing development. This model is supported by the dis-
tribution of Ser protein in wild-type and shits mutant
discs, and by the local nonautonomy characteristic of Ser
mutant cell clones.
Although other molecules, in addition to Wg and Ser,
may be involved in the activation of vg, the observation
that the coexpression of wg and Ser was sufficient to elicit
wing development in the leg discs indicates that such
other molecules are not specific to the wing disc. As wg is
expressed in both wild-type legs and wings during the
second larval instar, the restriction of Ser to the early
wild-type wing disc may be the differential event that
triggers wing development in Drosophila.
Notch as an integrative receptor during wing development
Our results indicate that the expression of vg at the DV
interface is only triggered by a signal that integrates the
activities of wg and Ser. In principle, this integration
could occur at any level along possible signal transduction
pathways for Wg and Ser. However, the fact that the
function of Notch is required for this event suggests that,
rather than mediating two parallel signalling processes,
the activities of these molecules are integrated into a
single signal through a common receptor, Notch.
Ser and wg induce vg expression and wing development Couso et al.
The Notch receptor has several roles during develop-
ment, which can be reduced to a single function in regu-
lating the competence of cells to process intercellular
signals [28]. Alternatively, Notch might play a more
active role as part of more than one receptor complex,
each with different roles in pattern formation [19]. We
have shown that, during the induction of vg expression,
the activity of Notch is closely associated with that of Ser
and wg. Ser has been shown to bind Notch in cell-adhe-
sion assays in vitro, in a manner comparable to the Notch
ligand Delta [24]. Although this latter interaction medi-
ates the process of lateral inhibition in vivo [29], no func-
tion has been suggested for the binding of Ser to Notch.
On the basis of our results, we surmise that this binding
reflects an association between Ser and Notch during the
induction of vg at the DV interface.
Genetic analysis has led to the suggestion that Notch is
involved in Wg signalling [19]. The results presented
here suggest that the functional relationship between Wg
and Notch is extended to the induction of vg, but is
modified by the presence of Ser. A hypothesis to accom-
modate the relationships between Ser, Notch and Wg,
and their roles during the induction of vg, might there-
fore be that the simultaneous interaction of Ser and Wg
with Notch triggers a signal, mediated by Su(H), which
activates vg expression (Fig. 9). This view is supported by
the similarity of the loss-of-function phenotypes of Ser,
wg and Notch at the time of vg induction, by the inter-
actions between the three genes and by the synergistic
effects obtained by the ectopic expression of these genes.
Implementing DV organization and distalization in the discs
Our results indicate that, during the development of the
wing disc, the g gene provides a ventral signal for the
activation of vg, in addition to promoting ventral fates as
it does in other discs [4]. Signalling by Wg alone might
confer ventral identity on the target cells by the repres-
sion of ap expression [7], and/or by the activation of
undisclosed 'ventral genes'. However, whenever cells
receive both Ser and Wg signals, they activate vg expres-
sion. Both functions are intimately associated with the
development of the wing and might not be independent
- the establishment of a ventral population of cells is
likely to be a prerequisite for the cell interactions that
take place at a DV interface. This dual role of wg expres-
sion during the second larval instar can thus provide a
basis for the link between the generation of circular posi-
tional values (DV and AP axes) and distalization, as
observed in developmental studies of wing development
[2,4]. In this way, both activities of wg (ventralizing and
distalizing) could overlap in time if the cells are endowed
with appropriate molecular mechanisms to register and
implement these signals independently (Fig. 9).
In addition to its function at the DV interface, Notch
contributes to Wg signalling during the establishment of
ventral fates [19]. This ventralizing signal is likely to be
transduced through the dishevelled and shaggy gene prod-
ucts (reviewed in [10]). Altogether, these observations
indicate that both Notch and Wg may have two func-
tions in the initiation of wing development, mediated
by two different signalling activities. Firstly, throughout
the ventral region of the disc, Wg would implement
ventral fates by the Notch-mediated inactivation of
Shaggy. Secondly, at the DV interface the interaction
between Wg and Notch would be modified by Ser and
would lead to a different form of Notch signalling -
one that is mediated by Su(H) (Fig. 9). Cells on the ven-
tral side of the DV interface would therefore receive
information about their position through an integrative
activity of Notch.
Fig. 8. Notch signalling and the induc-
tion of vg expression. (a) Thorax of a Nts
homozygous animal raised at 17°C
until the beginning of the second larval
instar, when it was transferred to 29 °C.
The rest of the development thus pro-
ceeds with a partial loss of Notch func-
tion. The wings are like vg or Ser mutant
wings (compare with Fig. 3). Notice the
patterned rows of extra microchaetae in
the notum, characteristic of N mutants.
(b) Late third instar larval disc from a
Su(H)SF/Su(H)Bi 15 mutant stained for
vg expression (symbols as in Fig. 4b).
Notice that the expression is absent
from the region that in the wild-type
would have given rise to the wing, as in
the Ser mutant disc shown in Figure 5b.
The ventral radius cluster (empty arrow-
head) is expanded due to the neuro-
genic phenotype of Su(H) [331. Early
third instar discs of sibling animals also
lack Vg expression. (c) Dorsal view of a
thorax after expression of wg, Ser and
Notch under the control of hGAL4. Notice the extra wings (arrows) in similar positions to those of Fig. 7a,b. (d) Lateral view of a thorax
as in (c). (e) Early third instar wing disc expressing [-galactosidase under the control of hGAL4. Notice the similarity of the pattern of
expression at this stage with that of ptcGAL4 shown in Fig. 6e.
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Fig. 9. A model for the genetic interactions that are involved in
wing patterning in second and early third instar discs. The ap
gene product activates Ser expression; Ser is not involved in
implementing dorsal cell fates but, in cooperation with Wg,
induces the expression of vg. The simultaneous interaction of Ser
and Wg with Notch generates a signal that activates a signalling
pathway which includes proteins such as Su(H). Wg performs a
second role by generating a signal that is mediated by a receptor
complex that includes Notch (Notch-R) and is transduced by the
dishevelled (Dsh) and Shaggy (Sgg) proteins. This signal promotes
the acquisition of ventral cell fates.
In the dorsal region of the disc, the existing data suggest
that DV signalling and dorsal identity are mediated by dif-
ferent molecules under the control of the ap gene product
(Fig. 9). The loss-of-function phenotypes, mosaic analysis
and results of ectopic expression indicate that Ser encodes
a dorsal signal that contributes to the initiation of vg
expression. However, the absence of mutant phenotypes
in large clones of Ser mutant cells within the dorsal wing
blade indicates that Ser is not involved in implementing
dorsal identity. It has been suggested recently that fringe,
which encodes a small molecule expressed in the dorsal
cells, is a candidate for a dorsal signal [30]; however, the
generation of ectopic DV margin by cells deprived of the
fringe gene is difficult to reconcile with such a hypothesis.
We suggest that fringe is involved in the recognition
between dorsal and ventral cells, which may be crucial for
the restriction of Ser expression at the DV boundary [31].
Conclusions
It has been proposed that the initiation of wing
development in Drosophila requires a reciprocal signalling
event between dorsal and ventral cells of the developing
wing disc. Here, we have provided evidence in support
of this model, and shown that the Ser gene encodes a
dorsal signal and the wg gene a ventral signal for this
event. The molecules encoded by both genes can diffuse
a short range and are therefore present at high levels in a
region around the DV interface. Our results show that
the activities of Ser and Wg are likely to be transduced by
Notch, and that their target is the activation and function
of the vg gene. We propose that the combination of Ser
and Wg is sufficient to define DV interfaces and to trig-
ger wing development, even in leg discs. We propose a
model in which the interaction between Ser and Wg
produces a single ligand that is used to activate Notch
and to initiate wing development. In this model, Notch
acts as a molecular integrator at the cell surface.
Materials and methods
Immunocytochemistry
Wild-type OR-R larvae were staged, dissected and fixed as in
[4], after which standard PBS-based protocols were followed
for peroxidase-DAB, fluorescence or enzymatic X-gal stain-
ings. Ser mutant larvae were identified as the Tb+ e+ progeny of
a cross - Df[3R]D605/TM3 x e Ser°-X6 /TM6b and by their
spiracular phenotype [9]. Null ap mutants were selected as Bc+
larvae in an apUG035/Gla,Bc stock. Mutant wglL larvae were
generated and identified as in [I 1].
Ser expression was detected with a mouse polyclonal anti-Ser
antibody [21] diluted 1:50 or 1:200 (fluorescence) or 1:1000
(DAB). The expression of vg was detected with a rabbit poly-
clonal anti-Vg antibody [7] diluted 1:100 (fluorescence) or
1:1000 (DAB). The expression of ap was detected by monitor-
ing fl-gal expression with a rat monoclonal antibody Jackson,
used 1:1000) in flies carrying a reporter lacZ construct in the ap
gene apUG 62 [8]. DAB and enzymatic X-gal stainings were
photographed using a Zeiss Axiophot microscope and
immunofluorescence images were captured on a BioRad con-
focal microscope. For final figures, scanned optic and confocal
images were brought together and processed with the Adobe
Photoshop program.
Genetic analysis and temperature-sensitive studies
Flies were raised under standard conditions at 25 °C, except as
otherwise indicated, and analyzed under dissecting and
compound microscopes.
To study the temporal requirements for Ser function we used
the cold-sensitive dominant lack-of-function allele BdG and a
similar protocol as in [11]. In these experiments, BdC/TM1
flies maintained at 29 C (permissive temperature) produce 2 %
of nicked or ripped wings; flies maintained continuously at
17 C (restrictive temperature) produced 88 % mutant wings.
Shifts from permissive to restrictive temperature at 48 h AEL
produced 96 % nicked/ripped wings; shifts after 96 h AEL pro-
duced only 10 % mutant wings. A pulse of restrictive tempera-
ture from approximately 48-96 h AEL produced a mutant
phenotype in 70 % of the wings (n > 30). To study the total
lack of Ser function, we used transheterozygotes for the null
alelles SerRX '10 6 and SertIY 82 [9,21], with an independent null
allele, SerCS94 (A.M.A. and S. Bishop, unpublished), or with
the deficiency for the Ser locus Df [3R]D605 [21].
Mutant shit flies were raised at 17 C until late third instar and
then shifted to 25 C. 1 h after the shift, wandering larvae were
dissected and stained with anti-Ser antibody. Sibling wandering
larvae were shifted back to 17 °C and allowed to complete
development to check that the resulting adults had normal
morphology.
To study wg function, we used wgIL homozygous animals as in
[11]. Pulses of 12 h at the restrictive temperature applied at the
beginning of second instar (approximately 4 days AEL for these
animals at 17 C meant that the animals were exposed from 48
to approximately 60 h AEL of 25 C developmental time) pro-
duced lack of ventral pleura and of the wing with an associated
duplication of the dorsal notum [4]. 'Escapers' (5 % of cases)
with normal pleura showed a vg-wing phenotype similar to
that shown in Figure 3g. Pulses of 24 h starting before the sec-
ond/third instar molt (which in these animals takes place
approximately at 7.5 days AEL at 17 C; thus, they were
ap == > Ser Wg
Notch Notch-R
Su(H) Dsh,
Sgg
Dorsal vg Ventral
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exposed approximately from 60-84 h AEL at 25 C) produced
a small-wing phenotype similar to that shown in Figure 3f and
normal pleura and notum in the 20 % animals that differenti-
ated structures. Exposure to the restrictive temperature from
approximately 96 h AEL onwards produced wings with abnor-
mally patterned margin and normal wing blade as described in
[11]. For the study of the temporal requirement for the
Wg-Ser interaction, we used wgS84 /SM6aTM6b and
Ser"'l/TM6b stocks. The wgS 84 allele is null at 25 C and anti-
morphic at 17°C [19]; this allowed a timing of its interaction
with Ser by temperature shifts of the transheterozygotes which
were recognized by the absence of the TM6b balancer.
To study Notch function we used the N55ell/N s l mutant con-
dition with a protocol/time table of Schellenbarger and
Mohler [32] as described in [19], as well as N`1 homozygotes.
As with wg, animals exposed to the restrictive temperature
(29 C) for 24 h during late second and early third instar had
wings reduced to a stump without alterations of body DV pat-
terning. This phenotype was also found in some animals sub-
ject to the restrictive temperature from early second instar,
which otherwise showed a wg-like phenotype of absent wings
and pleura, and duplicated notumr. Exposure from 96 h AEL
onwards produced wing phenotypes similar to controls
maintained at 17 C.
To study Su(H) function, we have used two null alleles in
transheterozygous conditions- Su(H)F8 and Su(H) IB lts [15].
Mutant discs were identified as in [33].
Mosaic analysis
Clones of mutant cells were generated as described in [11] in
flies of the genotypes: j36a; mwh e SerP°X82/M(3)w124 Dpf+ 98B
andf 6a; SerCS94 /M(3)w124 Dpf+ 98B; the Dpf+ is a functional
transformant of the f gene inserted in 98B by P. Martin and A.
Garcia-Bellido (see also [5] for a more detailed description of a
similar protocol). After X-ray-induced mitotic recombination,
these flies harbour large mutantf 3 6a Ser M+ clones. To identify
unambiguously the focus of the Ser mutant phenotype and the
timing of the requirements for Set, we usedf3 6a; mwh e SerPX82
(or SerRX10 6)/ bd Dpf+ 98B and SerCS94/bld Dpf+ 98B flies in
which Ser clones markedf 6 a and a simultaneous bld twin clone
were produced. In this case, although typically Ser mutant
clones that rip the wing extend across the mutant wing edge,
the twin was found invariably on the dorsal side of the wing,
indicating that the Ser clone originated dorsally. The Set mutant
clones were thus also found to transgress the DV compartment
boundary, whereas twin (bid) and control clones (mwh) that
were generated simultaneously did not.
Targeted gene expression
Ectopic expression of Wg, Ser and Notch in the imaginal discs
used the method developed in [17]. As 'drivers', we used ptc-
GAL4 [9] and hGAL4 lines [17]. The pattern of GAL4 expres-
sion was monitored by crossing the relevant line to a strain
containing UASIacZ and staining the progeny for 3-galactosi-
dase activity. As 'effectors', we used lines containing UASSer
[9], UASwgIL [34] and UASN (M.K. Baylies, unpublished):
UASwgIL UASSer (on the third chromosome) and UASSer
UASN (on the third chromosome). The UASwgIL construct
contains a temperature-sensitive allele of wg [34], which is only
functional below 22 °C. Our results indicate that different bal-
ances of wg, Ser and Notch activity produce different outcomes
depending on the GAL4 line and tissue involved. Coexpression
of wgIL and Ser simultaneously under the control of ptcGAL4
during larval life generated abnormalities in the legs at all tem-
peratures from 17-29 C, but the production of ectopic wings
was restricted to temperatures below 22 C. Coexpression of
Ser, Notch and wg under the control of hGAL4 never produced
wing tissue in the leg discs, and only elicited extra wings in the
wing discs between 20-22 C; the penetrance of this pheno-
type was approximately 50 %. In all these crosses, the rate of
pharate adult production was very high. One exception was the
cross ptcGAL4 x UASSer UASwgIL, in which the recovery of
pharate adults was low at 20-22 C and very low at 17 C. In
the crosses involving hGAL4 UASwgIL x UASSer UASN, more
than half of the resulting adults have ectopic wings, but the
degree of development of the ectopic wing was very variable.
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